The measurement of illicit drug metabolites in raw wastewater is increasingly being adopted 36 as an approach to objectively monitor population-level drug use, and is an effective 37 complement to traditional epidemiological methods. As such, it has been widely applied in 38 western countries. In this study, we utilised this approach to assess drug use patterns over 39 nine days during April 2011 in Hong Kong. Raw wastewater samples were collected from the 40 largest wastewater treatment plant serving a community of approximately 3.5 million people 41 and analysed for excreted drug residues including cocaine, ketamine, methamphetamine, 3,4-42 methylenedioxymethamphetamine (MDMA) and key metabolites using liquid 43 chromatography coupled with tandem mass spectrometry. The overall drug use pattern 44 determined by wastewater analysis was consistent with that seen amongst people coming into 45 contact with services in relation to substance use; among our target drugs, ketamine 46 (estimated consumption: 1400-1600 mg/day/1000 people) was the predominant drug 47 followed by methamphetamine (180-200 mg/day/1000 people), cocaine (160-180 48 mg/day/1000 people) and MDMA (not detected). The levels of these drugs were relatively 49 steady throughout the monitoring period. Analysing samples at higher temporal resolution 50 provided data on diurnal variations of drug residue loads. Elevated ratios of cocaine to 51 benzoylecgonine were identified unexpectedly in three samples during the evening and night, 52
Introduction 61
to stabilise target analytes in wastewater during storage [29] [30] [31] . 150 151
Materials and chemical analysis 152
Reference materials, sample preparation and analytical measurement applied in this study 153 have been previously reported [32] . Briefly, cocaine, benzoylecgonine, amphetamine, 154 methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA), ketamine and 155 norketamine, together with their corresponding deuterated analogues, were purchased from 156 Cerilliant (USA) (purities ≥ 99%). Methanol and acetonitrile (LC grade) were purchased 157 from Merck (Germany) while hydrochloric acid (37%), formic acid and acetic acid were 158 purchased from Sigma Aldrich (Australia). 159 160 Samples were filtered (0.45 μm, RC, Phenomenex) before spiking with deuterated standards 161 (i.e. internal standards, 1-10 ng/mL) and then analysed together with seven calibration 162 standards (0.05, 0.1, 0.5, 1, 5, 10, 50 ng/mL) using liquid chromatograph (Shimadzu Nexera 163 UHPLC system, Kyoto, Japan) coupled with tandem mass-spectrometry (AB SCIEX 164 QTRAP ® 5500, Ontario, Canada) (LC-MS/MS). Targeted analytes were chromatographically 165 separated using a Luna C18 column, 3 µm, 150X2 mm, (Phenomenex, Torrance, CA). 166
Scheduled multiple reaction monitoring with positive electrospray ionisation were operated to 167 identify and quantify the masses of analytes (see Lai et al. [32] for details of analytical 168 conditions). 169
170
For quality assurance and control of the analysis, duplicate samples and wastewater matrix 171 spiked with native chemicals (1 ng/mL) were arranged for analysis. Also, blank samples of 172
Milli-Q water were included to check for contamination in every batch of sample preparation 173 and analysis. Milli-Q water samples were spiked with native chemicals as procedural 174 recovery checks. The coefficient variation (CV) of duplicate samples was on average <6% 175 (n=5). No target chemicals were quantified in the blank samples and field blank samples (Table S1 ). Procedural and matrix spike recoveries were on average in a range of 97-110% 177 (CV: 4-16%; n=3) and 89-104% (CV: 8-27%; n=5), respectively, and inter-day analytical 178 variability (2 days; n=8) was in a CV range of 2-9% (Table S2 ). Average recoveries of 179 individual internal standards in the samples were in a range of 62-120% (CV: 5-15%; n=77) 180 (Table S3) . 181 182
Targeted drug residues 183
Seven drug residues, including parent drugs and/or its major metabolites, were targeted. 184
These are methamphetamine, amphetamine, cocaine, benzoylecgonine, ketamine, 185 norketamine and MDMA. The drugs have been reported to be commonly consumed in Hong 186 Kong [6] and are regulated under Schedule 1 of the Dangerous Drugs Ordinance in the Laws 187 of Hong Kong [33] , meaning that use is illegal without authorised licenses. with a correction factor which comprised of the average urinary excretion rate and molecular 194 mass ratio of a parent drug to its metabolite. The correction factor of 3.14 (1.1/0.35) was used 195 to back estimate cocaine consumption. This was derived from the average excretion rate of 196 cocaine to benzoylecgonine (35%, covering administration routes of smoking, snorting and 197 injection) [34] [35] [36] and the molecular weight ratio of cocaine to benzoylecgonine (1.1). 198
Similarly, the average excretion of methamphetamine itself (33%, covering administration 199 routes of oral, smoking, snorting and injection) [37, 38] Five out of seven illicit drug residues were quantified in all the samples (Fig. 1) . Among the 218 drug residues, the daily load (average±standard deviation of the nine-day monitoring) of 219 ketamine (290±27 mg/day/1000 people) was the greatest and about one order of magnitude 220 higher than its metabolite, norketamine (23±4 mg/day/1000 people). The daily load of 221 methamphetamine was the next highest (62±4 mg/day/1000 people). The load of cocaine 222 (33±4 mg/day/1000 people) was approximately half that of its metabolite, benzoylecgonine 223 (54±3 mg/day/1000 people). Amounts of amphetamine and MDMA were below the limit of 224 detection (<10 mg/day/1000 people) in any of the samples. The load of each drug residue was 225 steady from day to day during the monitoring period (coefficient of variations is relatively 226 low: 5-17%). Thus, intra-week variations in drug use were not apparent. It should be noted 227 that the weekly drug use pattern in this study comprised of four weekdays and only Sundays 228 on the weekends, but still was inconsistent to a range of previous wastewater studies showing 229 higher drug use during weekends than weekdays with a peak use particularly found on 230
Sundays [e.g. 11, 13, 15]. This may suggest that regular and chronic users may be more 231 predominant than infrequent consumers in this community. higher and more consistent in purity [43-45] and easy to sociably share with others due to its 246 distribution in powder form. This study found that mass loads of methamphetamine were 247 consistently greater than those of amphetamine in the samples. This is in agreement to the 248 finding in CRDA and also in United Nations Office on Drugs and Crime reporting that 249 methamphetamine is the most widely used amphetamine-related substance in East and 250
Southeast Asia, mainly due to its easy production process and high availability of the 251 precursors [46, 47] . 252 253
Comparison with other wastewater studies 254
Estimated consumption of ketamine was predominated (1500±240 mg/day/1000 people), 255 followed by methamphetamine (190±11 mg/day/1000 people) and cocaine (170±11 256 mg/day/1000 people) (Fig. 2) . Compared to the wastewater study across 19 European cities in 257 2011, the average methamphetamine consumption in Hong Kong was estimated at about two 258 to ten times higher than that in London (the U.K.), Stockholm (Sweden), Valencia (Spain) 259
and Milan (Italy), but at about three to five times lower than that in Oslo (Norway) andon average similar to that in other wastewater studies in Australian communities [28, 48] 
Diurnal variations in drug residue loads 275
Drug residue concentrations and loads are plotted together in Figure 3 to facilitate the 276 interpretation of diurnal variations: parent compounds and metabolites follow similar patterns 277 throughout the four monitoring days (see Table S4 for total loads). The mass loads of the drug 278 residues peaked in the mornings and at nights every day. The morning peak was generally 279 apparent over two to four hours (7-9AM and/or 9-11AM), accounting for about 10-14% of 280 the total mass load per two-hour period. The night peak extended four to six hours, starting in 281 the evening (about 7PM) until midnight, reflecting approximately 10-15% of the total mass 282 load per two-hour period. Similar wastewater studies with high resolution sampling was also 283 conducted in Oslo, Norway (six-hour composite samples) [17] and the United States (one-284 hour composite samples) [18] . The variation of diurnal patterns among the international 285 studies and this study broadly suggests that drug excretion rates were often higher during 286 mornings and selectively during evenings. The daily mass loads of drug residues estimated 287 from physical daily composite sample and the sum of 12 two-hourly composite samples 288 allow verifying the flow-proportional mixing process of individual samples. The deviations 289 are within the expected range of analytical uncertainty and do not show any systematic 290 deviations (Tables S5-6) . 291 292
Ratio of a parent drug to its metabolite 293
The concentration ratio of the parent drug to its metabolite remained consistent in the 294 analysed daily composite samples (ketamine/norketamine: 13±1.8; cocaine/benzoylecgonine: 295 0.61±0.08). However, three data points from the two-hourly samples were identified as 296 outliers (Fig. 4) : the cocaine/benzoylecgonine ratios were 1.05 and 1.52, rather than the usual 297 value observed in this community. This may imply that part of the cocaine identified in these 298 samples could be attributed to direct dumping events rather than human metabolism. These 299 time points were between Monday midnight and Tuesday morning (April 25th-26th; 11PM-300 3AM) and on Tuesday night (April 26th; 7-9PM) (Fig. 3B) . Such high resolution data of 301 wastewater analysis could provide more information on drug use activities in the sewer 302 catchment than daily composite samples. Direct dumping of cocaine can be due to different 303 reasons, such as raids by police forces and/or hand-washing after handling cocaine. 304 305
Methodological limitations 306
While our study provides drug use data that complements the existing epidemiology reports, 307 a few methodological constraints should be remarked for better interpretation of the results. Table S4 . An error bar included 526 the uncertainty of chemical analysis, sampling and/or flow measurement (Table S6) [32]. 527
